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Abstract 
Models of three representative higher Miller index interfaces, Si(310):SiO2, Si(410):SiO2 and 
Si(331):SiO2, have been built by an ab-initio molecular dynamics method. We show that each 
interface can be made as a fully bonded network without any defects and has a reasonable 
electronic structure for use in FinFETs (fin field effect transistors) or gate-all-around 
nanowire devices. The differences in numbers of oxygen bridges are attributed to the 
intermediate sub-oxide components and the atomic step structure. The interface bonding 
schemes to passivate different densities of dangling bonds on different facets are also 
analyzed. 
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Introduction 
The dominance of Si in microelectronics is largely based on the high quality of the interface 
between Si and its native oxide SiO2, especially for the canonical Si(001), Si(110) and 
Si(111) facets, which have been thoroughly investigated [1-7]. With the growing demands for 
smaller devices, it is necessary to overcome factors such as the short channel effect [8] to 
continue scaling. This has led to the introduction of some novel three-dimensional device 
structures such as the FinFET, Tri-gate and gate all around (GAA) nanowire devices [9-11], 
in order to retain good electrostatic control of the channel. These non-planar devices however 
involve some higher Miller index facets of Si [12-16], such as the Si(n10) and Si(nn1) facets, 
due to the tapering of the fin sidewalls [17]. Therefore, the quality of these higher index 
interfaces could determine the final device performance [18,19]. Thus, a deeper 
understanding of higher index Si/SiO2 interfaces is desirable. 
Interfaces based on two general higher index Si facets, Si(n10) and Si(nn1), are good models 
for the appropriate Si:SiO2 interfaces in the FinFET [13]. It is often noted that such interfaces 
keep the properties of simpler Si facets such as Si(001), Si(110) and Si(111), and the higher 
index Si surface atoms are often classified by their suboxide state or similarity to low-index 
surface atoms [12]. Si(001)-like atoms appear as Si
2+
 on the surface, while both Si(110)-like 
and Si(111)-like atoms are Si
+
, differing only in the direction of the dangling bonds. The XPS 
data of Ohno [13] confirm that the density of Si
2+
 sites is less on higher index surfaces 
compared to Si(001) for various oxidation times. However, Ogata [12] noted that higher 
index facets should have more Si(001) facets based on the relative oxidation rates of Si(111) 
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and Si(001). On the other hand, Stesmans [15] found a nine times greater electron spin 
resonance (ESR) signal for Si(111)-like Pb defects than for Si(001)-like defect sites.  
The key question for the higher index interfaces is how does the 2.2 higher Si atom density in 
Si than in SiO2 affect the ability of Si-O bonds to form at all sites across the interfaces. For 
the Si(111) or Si(011) case, each Si atom on the Si side has a single dangling bond, and this 
largely matches the dangling bond density on the SiO2 side. On the other hand, a Si(001) face 
has two dangling bonds per interface atom, which is much more difficult to match with the 
SiO2 side. A way to achieve the matching is for two dangling bonds on adjacent Si atoms on 
the Si side to form Si-O-Si bridges [20-24]. This ties off half of the dangling bonds, and 
allows the remaining dangling bonds to then to bond across the interface. A similar process is 
that adjacent Si dangling bonds could form Si-Si dimers [25,26]. On higher index surfaces, 
the question is whether the presence of narrow terraces, steps or other factors will interfere 
with the bridge forming or dimerisation process.  
The 2.2 fold increase in volume from Si to SiO2 during thermal oxidation is also a source of 
stress. Stesmans [27] has noted that dangling bond defects (Pb centers) can be thought of as 
mismatch defects between the Si side and the SiO2 side. This possibility can occur for Si 
oxidised under a high dielectric constant HfO2 layer [28] on FinFETs or on GAA nanowires. 
Another way to terminate a Si(100) surface would be with Si(111) facets [25]. These would 
protrude into the SiO2 and form a thicker, more graded interface rather than an abrupt one 
[25,26]. However, such a graded interface might show lower reliability. Overall, there are 
few results which show how the dangling bonds on the Si side of higher index interfaces 
become passivated.  
Here, we investigate thoroughly the three different higher index interfaces, Si(310):SiO2, 
Si(410):SiO2 and Si(331):SiO2 by ab-initio methods, to derive the interfacial atomic 
structures and their electronic properties. It is found that all these three interfaces can be built 
without any defects and are thus suitable for FinFETs. Their electronic properties are further 
analysed to understand the difference in local surface structure. A real FinFET model 
involving Si(310):SiO2 and Si(001):SiO2 interfaces is also built to prove the practicability in 
a FinFET device. 
Methods 
Our simulations use the density functional theory, plane-wave pseudopotential method as 
implemented in the CASTEP code [29]. The generalised gradient approximation (GGA) 
exchange correlation functional and the ultrasoft pseudopotentials with a cutoff energy 380 
eV were used in the molecular dynamics (MD) and geometry optimizations. For k-point 
sampling, we took the Monkhorst-Pack (MP) scheme with 3×3×1, 3×2×1, and 2×1×1 k-point 
mesh for the MD and geometry tasks of Si(310):SiO2, Si(410):SiO2, and Si(331):SiO2 
interfaces respectively.  
The interface models were built according to the following steps. First, a Si high index 
surface slab model (thickness over 8 Å) was cleaved from the Si bulk structure. Secondly, a 
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larger supercell of this Si high index surface slab model was chosen to attach to the SiO2 
surface slab model. Thirdly, some extra O atoms were inserted where necessary to form 
oxygen bridges to connect dangling bonds on Si(100)-like regions. The distance and the 
relative position of the two slabs were then adjusted to allow interface bonds to form. In each 
supercell, a vacuum layer of 14 Å was included to suppress the interaction between the stack 
and its periodic image. The top and bottom Si and SiO2 surfaces next to the vacuum were 
passivated by H atoms. The interface model was then given a high temperature MD anneal 
(1000 to 3000 K according to the model) for 2 ps to generate the amorphous SiO2 layer, and 
then gradually cooled down to 300 K at a quenching rate of 100 K/ps. Finally, a geometry 
optimization was carried out until the residual force on each atom was smaller than 0.03 eV/ 
Å. We ensure each Si is 4-fold and each O is 2-fold so that no interface defects appear. 
Results 
Our three Si:SiO2 interface models are shown in Figure 1. For the Si(310):SiO2 model, we 
used a five atomic layer Si slab with five layers of amorphous SiO2 on the top, containing 78 
atoms in total in a 5.4 Å×8.6 Å×40.8Å orthorhombic supercell. The Si(410):SiO2 model was 
constructed by five layers of Si and four layers of amorphous SiO2, including 75 atoms in a 
5.4 Å×11.5 Å×30.6 Å monoclinic supercell. We constructed the Si(331):SiO2 interface with 
four layers of Si and four layers of SiO2, which involves 162 atoms in a 7.7 Å×16.7 Å×39.0 
Å orthorhombic supercell. Each of these three models is over 17 Å thick to suppress the top 
and the bottom surface’s influence on the interface. The three bottom layer Si atoms in each 
model are fixed at their positions as in the bulk. 
The Si(310):SiO2 interface model is shown in Figure 1(a). The original Si(310) surface is 
sawtooth-like and has a single atomic step. Half of the surface Si atoms are Si(110)-like with 
one dangling bond, while the other half are Si(100)-like with two dangling bonds. MD results 
show that after oxidation, these dangling bonds are well passivated at the Si(310):SiO2 
interface, forming Si
+
 and Si
2+
 sub-oxide sites. The Si
2+
 suboxide atoms lie closer to the SiO2 
side, whereas the Si
1+
 suboxide atoms lie closer to the Si side, but still within the same atomic 
layer as Si
2+
. Si
3+
 sites do not appear in this model. The Si
2+
 sites are largely at Si-O-Si 
bridges. We note that while Chadi [30] found that (100)Si vicinal surfaces favoured di-atomic 
steps, the equivalent (n10) interfaces can be made with single atomic steps. 
The partial density of states (DOS) of the Si(310):SiO2 interface is shown in Figure 2. The 
band gap of the whole interface structure is determined by the Si band gap due to the large 
band gap of SiO2. The band gap for this model is 1.4eV within GGA, slightly larger than the 
experimental value of bulk Si, due to the quantum confinement effect in the slab model. The 
interface model has a clean band gap with no defect gap states. The band offset between the 
Si layers and SiO2 layers is quite large for both conduction band (CB) and valence band 
(VB). We also calculate the partial DOS on Si of the different sub-oxide states. The partial 
DOS on the Si
+
 and Si
2+
 sites at the interface is quite similar to that on Si
0
 (or bulk Si) due to 
the existence of Si-Si bonds, whereas the partial DOS on the Si
4+
 sites has a much larger gap 
since these atoms belong to the SiO2 layer. The electronic orbitals of Si valence band 
maximum (VBM) and conduction band maximum (CBM) shown in Figure 3 are both 
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delocalized throughout the Si layer, which is consistent with the partial DOS analysis. The 
CB orbital is slightly more localised towards the cell boundary in Fig 3(b), due to its 
preference to lie on Si
1+
 sites. 
The Si(410):SiO2 interface model is shown in Figure 1(b). The original sawtooth-like Si(410) 
surface is well passivated by the SiO2, just like the Si(310):SiO2 interface discussed above. 
Both the Si
+
 and Si
2+
 suboxide sites appear in the model while Si
3+
 does not appear. The 
difference to the (311) interface is that some Si-O-Si bridges passivate the extra dangling 
bonds on the Si surface atoms.  
The electronic properties of the Si(410):SiO2 interface is similar to Si(310):SiO2 interface. 
We find a band gap of 1.7eV as contributed by the Si layer, and a large VB offset between Si 
and SiO2 but somehow a smaller CB offset, as shown in Figure 4. The band gap is clean 
without any defect states. Partial DOS analysis based on different suboxide states show a 
similar behaviour for Si
0
, Si
+
 and Si
2+
. The CBM and VBM orbitals are delocalized across Si 
layers as shown in Figure 5.  
The Si(331) surface shows a armchair like structure and each of the Si atoms exposed at this 
surface has only one dangling bond. Therefore, no O bridges appear in the Si(331):SiO2 
interface and neither Si
2+
 nor Si
3+
 suboxide sites appear either. The SiO2 part still shows a 
much larger band gap compared to the Si layers, and a large band offset is found between the 
Si and SiO2 for both CB and VB, as shown in Figure 6. Some small peaks are found in the 
PDOS of Si
4+
 sites in the SiO2 band gap area, which is attributed to the attenuation of Si 
states into the SiO2 layers. The CBM and VBM orbitals of the interface model in Figure 7 
confirm this analysis. 
We have also made a model of a real FinFET involving a horizontal Si(310):SiO2 interface  
and a vertical Si(001):SiO2 interface, on the basis of the above results, as shown in Figure 8. 
The simulation shows that both interfaces are quite sharp, within one or two atomic layers 
thick. The intersection of the two interfaces is still fully passivated, with no dangling bond 
defects. The partial DOS analysis of this model is quite similar to Figure 2. Thus the presence 
of the intersection does not degrade the overall quality of the Si(310):SiO2 interface. 
Discussion: 
Both of the sawtooth-like surfaces, Si(310) and Si(410), consist of Si(100) and Si(110) partial 
facets. Moreover, in both interfaces Si
+
 and Si
2+
 stay in the same region within one atomic 
layer, and this is similar to the configuration of Si(100):SiO2 interfaces found by the XPS 
data [13]. However, the Si(310) surface contains only one atomic step, while the Si(410) 
surface contains 3 atomic steps. The ratio of suboxide states is also different. On the Si(310) 
surface, half of the surface Si atoms are Si(110)-like (Si
+
) and the other half are Si(100)-like 
(Si
2+
). On Si(410), 40% of the surface Si atoms are Si(110)-like and the other 60% of surface 
atoms are Si(100)-like. Since the Si(410) surface have a larger portion of Si(100)-like atoms, 
this surface exposes more dangling bonds than Si(310).  Therefore, it is more likely to form 
oxygen bridges on Si(410):SiO2 interface to passivate the extra dangling bonds. This analysis 
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is consistent with our MD results that oxygen bridges form on Si(410) but less on Si(310) 
interfaces. 
The armchair-like Si(331) surface consists of Si(110) and Si(111) partial facets, with only 
one atomic step. One third of surface Si atoms are Si(111)-like and the other two thirds are 
Si(110)-like atoms. Since both kinds of surface Si atoms here are Si
+
 suboxide, it is as 
expected that Si
2+
, Si
3+
 and oxygen bridges do not appear at the relevant interface. 
The PDOS on the Si
+
 and Si
2+
 sites are nearly identical in the VB energy range, but Si
2+
 
atoms make a larger contribution than Si
+
 in the CB range. The PDOS of SiO2 (or Si
4+
) has a 
much larger band gap than Si for all three higher index interfaces, with a VB offset of 2.5eV. 
However the CB offset in Si(410):SiO2 interface is much smaller than the other two 
interfaces. This difference results from the fact that Si(410) surface has three atomic steps 
which makes the surface morphology more disordered. Thus, the SiO2 part in Si(410):SiO2 
interface is more disordered and its conduction band will tail further towards the Si band gap 
which makes the CB offset smaller.  
The band gap of the Si slab is increased by quantum confinement from about 0.59 eV for 
bulk Si in GGA to about 0.87 eV for 7 layers of Si(111) in a supercell with only Si and SiO2 
components. However, there is a larger increase in Si band gap when as here we include a 
vacuum layer at the other interface, and that is why the observed Si band gaps in Fig 2 are 
quite large. 
It is also interesting to understand these interface structures from the view of dangling bond 
density at truncated the Si surfaces and how these dangling bonds get passivated. We have 
calculated the dangling bond density on cleaved Si(310), (410), (331), (100), (110), (111) 
surfaces, as shown in Table 1. Both Si(310) and (410) surfaces have a dangling bond density 
slightly smaller than the Si(100) surface, while the dangling bond density of the Si(331) 
surface falls between the value of the Si(110) and the Si(111) surfaces which naturally match 
with SiO2. Our MD results show that the extra dangling bonds on Si(410) surface are 
passivated by oxygen bridges. For the Si(310):SiO2 interface, we find that both the  first and 
the second layers of Si atoms in SiO2 form oxygen bonding with Si surface atoms to passivate 
the dangling bonds.  
Finally, we consider the interface energetics and how this compares to the energetics of Si 
surfaces. It is known from the work of Chadi and others [30-32] that the surface 
reconstructions of low index facets is driven by dangling bond minimisation (due to the cost 
of ~ 1.2 eV per dangling bond). We have carried out some calculations of interface energies 
for Si/SiO2 for a few cases. We conclude that the interfacial energies are controlled by the 
energy penalty concept of Hamann, Bongiorno and Pasquarello [33]. For a given number of 
Si-Si and Si-O bonds, it costs slightly more (~0.5 eV) if these bonds occur as Si
1+
 or Si
2+
 sites 
than as only Si
0
 and Si
4+
 sites. Thus, an interface with Si(111)-like, Si(110)-like or Si(100)-
like facets with Si-O-Si dimers would have a low energy, and not so dependent on the actual 
facet concerned.  
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How do these results affect the Pb density in real devices? After the Si:SiO2 interface is 
formed, it is subjected to an anneal in H2 which tends to passivate most remaining Pb centers.  
However, if the original Pb centers are strained or consist of Ge, then the higher energy of 
these sites affects the dynamic equilibrium of H passivation and depassivation [34,16], 
resulting in a less effective net passivation of the initial Pb sites. Thus, strained interfaces still 
show more Pb sites. The fact that we can form fully passivated high index interfaces in our 
models suggests that many high index interfaces can be passivated afterwards by H 
annealing. However, it is clear that some higher index facets found on oxidised Si nanowires 
are too strained to easily passivate [16]. 
Conclusion: 
We have investigated three high index interfaces, Si(310):SiO2, Si(410):SiO2 and 
Si(331):SiO2. Our simulation results show that these interfaces could be made without any 
defects. Both the Si(310) and Si(410) surfaces contain Si
+
 and Si
2+
 suboxide atoms, while 
Si(331) contains only Si
+
 atoms. The Si(410):SiO2 interface involves oxygen bridges to 
passivate extra Si dangling bonds and the CB offset is small which has been attributed to the 
suboxide components and atomic step structure. The Si(310):SiO2 interface has an additional 
layer of Si, forming Si-O-Si bonding as well to passivate additional Si dangling bonds. A real 
FinFET model involving Si(310):SiO2 and Si(001):SiO2 interfaces is built to further prove 
that the interface junction does not deteriorate each other. 
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Table 1 Dangling bond density of cleaved Si(310), (410), (331), (100), (110), (111) surfaces. 
Si Surface Si
+
 Si
2+
 Dangling Bonds Area (Å
2
) DB/area (Å
-2
) 
(310) 2 2 6 46.63 0.129 
(410) 2 3 8 60.80 0.132 
(331) 3 0 3 32.14 0.093 
(100) 0 1 2 14.75 0.136 
(110) 2 0 2 20.85 0.096 
(111) 1 0 1 12.77 0.078 
 
The item Si
+
, Si
2+
, dangling bonds, area in the table denote the number of Si
+
, Si
2+
 atoms, 
dangling bonds, and surface area of the relative Si surface unit cell. DB/area denotes the 
dangling bond density calculated from these values. There are no Si
3+
 atoms on these cleaved 
Si surfaces. 
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Figure Captions 
1. Unit cells of the atomic structure of (a) Si(310):SiO2 interface; (b) Si(410):SiO2 
interface; (c) Si(331):SiO2 interface. 
2. The partial density of states of the Si(310):SiO2 interface. (a) Partial DOS analysis based 
on different layer of the interface; (b) partial DOS analysis based on different sub-oxide 
state of Si. 
3. The electronic orbital of (a) valence band maximum and (b) conduction band minimum 
for Si(310):SiO2 interface. 
4. The partial density of states of the Si(410):SiO2 interface. (a) Partial DOS analysis based 
on different layer of the interface; (b) partial DOS analysis based on different sub-oxide 
state of Si. 
5. The electronic orbital of (a) valence band maximum and (b) conduction band minimum 
for the Si(410):SiO2 interface. 
6. The partial density of states of the Si(331):SiO2 interface. (a) Partial DOS analysis based 
on different layer of the interface; (b) partial DOS analysis based on different sub-oxide 
state of Si. 
7. The electronic orbital of (a) valence band maximum and (b) conduction band minimum 
for the Si(331):SiO2 interface. 
8. An atomic model of a FinFET corner that involves Si(310):SiO2 interface and  
Si(001):SiO2 interface (a) atomic structure and (b) PDOS.  
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